Abstract N, (N + Ga) and (N + Al) doped ZnO films were deposited on c-plane sapphire substrates by RF magnetron sputtering at room temperature. The samples were characterized by their structural, surface morphological, compositional and optical properties. The x-ray diffraction studies confirmed the co-doping of (N + Ga) and (N + Al) besides showing improvement in the crystallinity when compared with the single N doping. The surface of the films becomes rougher after co-doping. The x-ray photoelectron spectroscopy and Rutherford back-scattering analysis indicate that the co-doping changes the chemical states and varies the amount of nitrogen (N) in ZnO. The amount of 'N' has been greatly increased for (N + Ga) co-doping, indicating that it is the best co-doping pair for p-type ZnO. Additionally, co-doping has increased the average visible transmittance (40-650 nm) and the optical band gap is shifted towards shorter wavelength. In the case of (N + Al) co-doping, the band gap becomes wider than that of undoped ZnO.
Introduction
ZnO is a promising optoelectronic material that is effective in the UV or blue light region due to its direct wide band gap (3.37 eV) and large exciton binding energy (∼60 meV) and has been studied by a variety of growth techniques [1] [2] [3] [4] . It is a well known fact that undoped ZnO is n-type conducting or highly resistive. Furthermore, n-type ZnO with high electron concentration and low resistivity can be easily obtained by doping group III elements [5, 6] . The main barrier for the ZnO applications in UV/blue light emitting diodes or laser diodes is obtaining the p-type conductivity with high hole concentration and low resistivity. In order to overcome this barrier, different elements such as nitrogen (N), phosphorus (P), arsenic (As) 4 Author to whom any correspondence should be addressed. and lithium (Li) etc were tried doping the ZnO [7] [8] [9] [10] . Among these acceptor doping elements, N is demonstrated as the ideal candidate [1, 11] . However, it is complicated to obtain better p-type ZnO through single N doping due to its solubility limit and the appearance of (N 2 ) O defects at high doping concentrations [12] . In order to solve these problems, one novel theoretical method of co-doping was proposed by Yamamoto et al, and several co-doping pairs such as (N + Ga) and (N + Al) were suggested [13, 14] . Further, the (N + Ga) co-doping pair was considered as the optimal candidate for p-type doping in ZnO. Since then, many researchers have obtained encouraging results through (N + Ga) or (N + Al) co-doping pairs in ZnO [15, 16] . However, there is no detailed experimental report on comparative studies between (N + Ga) and (N + Al) co-doping in ZnO. Hence, an attempt is made in the present study to investigate the effect of (N + Ga) 
Experimental details
The ZnO films were deposited on sapphire(001) substrates at room temperature by RF magnetron sputtering. The ceramic targets of pure ZnO (99.99%), ZnO (95 wt%):Ga 2 O 3 (5 wt%) and ZnO (98 wt%):Al 2 O 3 (2 wt%) were used for preparing undoped and doped films. The chamber was evacuated initially to ∼2×10 −6 mbar. The partial pressures of nitrogen and argon were maintained at ∼1.5 × 10 −3 mbar and 6.0 × 10 −3 mbar, respectively. All the films were sputtered with a constant power of 100 W at a total pressure of 1.2 × 10 −2 mbar for 30 min. The target-substrate distance was kept at 10 cm. The samples doped with N, (N + Ga) and (N + Al) are denoted as S1, S2 and S3, respectively. The thickness of the films was measured using a surface profilometer (Dektak3) with an accuracy of ±20 nm. The details of the sputtering apparatus and the other characterization techniques such as XRD, AFM, XPS, RBS, Hall measurements and optical spectrophotometry can be found in [1] .
Results and discussion
The thicknesses of S1, S2 and S3 are 0.80, 0.82 and 0.32 μm, respectively. It is noticeable that the thickness of S1 and S2 are similar, which indicates that there is no influence of (N + Ga) co-doping on the growth rate compared with that of N-doped ZnO films. However, the thickness of S3 is obviously decreased compared to S1 and S2. This implies that the growth rate of N-doped ZnO films is decreased effectively on codoping Al with N. X-ray diffraction (XRD) patterns of the films were recorded in the 2θ range 30
• -75
• . Two diffraction peaks obtained at around 34.2
• and 36.1
• are confirmed to be (002) and (101) peaks of ZnO by comparing with the standard data (ICDD file 36-1451). The (002) peak is a high intense one and clearly shows a tendency for preferential growth. A weak diffraction from the (004) plane that is a secondary diffraction of (002) was obtained at 2θ around 72
• . A strong diffraction peak obtained at 2θ around 42
• from the sapphire substrate concealed the visibility of other diffraction peaks. In order to show the diffraction peaks and the influence of co-doping clearly, XRD patterns in the 2θ range 30
• -40
• are shown in figure 1. It can be noticed that the samples (S1) doped with N show diffraction peaks from (002) and (101) planes. The (101) diffraction is suppressed for the co-doping (N + Ga) and (N + Al), whereas the (002) peak is shifted to higher 2θ , that presumably indicates the change in strain. figure 2 . The surface of S1 is composed of inconsistent spherical shaped crystallites, the size of which varies between 20 and 70 nm. However, the crystallites are packed tightly and the surface seems to be compact, with an RMS roughness value of 3.17 nm. When Ga is co-doped with N (S2), the crystallite size is increased a bit to range between 40 and 70 nm. It can be noticed that the crystallites are loosely packed in comparison with S1, which has presumably increased the RMS roughness to 4.17 nm. On the other hand, when the films are co-doped with Al (S3), the surface becomes very interesting, with the crystallite size reducing to range between 15 and 40 nm. Further, the shape of the crystallites changes from spherical to conform. The crystallites are more loosely packed than the surface of S2, and consequently the RMS roughness is increased to 5.79 nm. The foregoing discussion indicates that the shape, size and RMS of the surface microstructures are influenced by the co-doping.
The surface chemical states and composition analyses of these films were characterized by XPS and RBS techniques. Figure 3 shows the N 1s XPS spectra of S1, S2 and S3. The broad N 1s photoelectron peaks should be composed of three minor peaks positioned at around 396, 398 and 402 eV, respectively. The corresponding peak positions, named N1, N2 and N3, are probably derived from N-Zn, N-H and NO 2 , respectively [17] . It can be noticed that the N2 peak of sample S1 is clearly identified from peak N1. For sample S2, the N1 peak position is hardly changed. The obvious variation is the peak area, which has been increased significantly when compared with that of S1, which implies that the N concentration in S2 greatly increases, whereas in sample S3 peak N2 becomes one shoulder of the N1 peak, and the position of the N1 peak shifts slightly towards the lower binding energy. The compositions obtained from XPS and RBS techniques are given in table 2. It is noticeable that the N concentration in S2 is increased about twofold when compared with S1. Further, the N3 peak disappears in the spectra of S2. Although the total N concentration decreases slightly in S3, the N1 concentration increases and the concentration of N2 and N3 obviously decreases compared with S1. The N composition values obtained through the RBS technique are very different from that of XPS measurements. The probable reason is that the XPS measurements are carried out on the surface, whereas the RBS measurements are carried out on the bulk. However, the trend of N variation in the films is similar, as observed from the two measurement techniques: N concentration in the (N + Ga) co-doped film is the highest and it becomes the lowest in the (N + Al) co-doped film. In addition, hydrogen atoms are found in all films by RBS measurements. Figure 4 shows the transmittance spectra recorded in the wavelength range 300-900 nm. Compared with S1, the optical absorption edge of S2 shifts slightly towards shorter wavelength. The absorption edge shift of S3 is very obvious and larger. The average optical transmittance calculated in the wavelength range 400-650 nm for S1, S2 and S3 is about 26, 34 and 59%, respectively. The optical band gap calculated from the absorption coefficient [18] is 2.31, 2.41 and 3.48 eV for samples S1, S2 and S3, respectively. After co-doping, the optical band gap becomes wider, which indicate that the codoping affects not only the N chemical state and composition but also the band gap. Especially for (N + Al) co-doping, the band gap become wider than even that of undoped ZnO [19] . Hence, (N + Al) doping may be useful in changing the optical properties of ZnO, especially the band gap, to fabricate optoelectronic devices to be useful in the shorter wavelength region.
Conclusion
(N + Ga) and (N + Al) co-doped ZnO films were deposited on sapphire substrate by RF magnetron sputtering at room temperature. The XRD patterns indicate that the (002) diffraction peak is the strongest orientation, and the crystallinity is increased on co-doping either Ga or Al with N. Further, the strain in the doped films was almost relaxed completely. The surface microstructures obtained from AFM analysis confirmed the change in the crystallite size, shape and RMS roughness following co-doping. The compositional analysis shows that the N chemical states and concentration have been changed by co-doping. Especially for (N + Ga) co-doping, the N concentration has been greatly improved. The transmittance spectra indicate that after co-doping the film transmittance increases and the optical band gap shifts towards short wavelength. Especially for (N + Al) co-doping, the band gap becomes wider than even that of undoped ZnO.
